Abstract-High penetration of Electric Vehicles (EVs) in residential UK Low Voltage (LV) networks may result in significant asset congestion (transformers and cables), particularly during peak hours. Therefore, this work proposes an implementable, centralized control algorithm that manages EV charging points to mitigate congestion in LV networks. To assess the need of control actions to avoid congestion issues, this work initially quantifies the potential impacts of different EV penetration levels on a real UK LV network. To demonstrate the effectiveness of the proposed control algorithm, analyses for uncontrolled and controlled charging of EVs are carried out. Monte Carlo simulations (considering 1-min resolution data) are undertaken to cater for domestic and EV load profile uncertainties. Results for this particular LV network indicate that asset congestion might occur for EV penetration levels larger than 40%. More importantly, the results show the effectiveness of the proposed centralized control algorithm in avoiding the congestion effects on the LV network, even for a 100% penetration of EVs.
INTRODUCTION
The adoption of domestic electric vehicles (EVs) in the UK is expected to increase in the future given their potential contribution to reduce greenhouse gases and dependency on fossil fuels [1] . However, the uncontrolled charging of these EVs might lead to technical impacts on the very infrastructure they will be connected to: the residential low voltage (LV) networks. Indeed, part of the electricity demand from high penetrations of EVs is likely to be coincident with the peak demand of households, resulting in significant stress on the LV networks [2] [3] [4] [5] . Although this depends on the penetration level of EVs and the characteristics of the corresponding LV network (topology, size, etc.), significant asset congestion (transformers and cables) might occur.
To cope with the potential impacts of EVs on distribution networks, different ways to manage EV charging demands have been investigated in recent years [3] [4] [5] [6] [7] . In general, these and similar studies propose the use of complex optimization approaches that require extensive information of the network (e.g., voltages and currents), the EVs (e.g., state of charge), and the electricity market (e.g., real-time pricing). These requirements make such approaches difficult to implement by Distribution Network Operators (DNOs) given that in practice real-time data is limited and many interoperability challenges still need to be addressed [8] . In addition, most of the few studies considering LV networks had been carried out adopting benchmark networks that may not reveal the particularities that can be found in real LV networks.
Therefore, an implementable, centralized control algorithm is proposed here to manage the EV charging points to avoid asset congestion, in particular the distribution transformer and the head of the feeders. This concept is based on the Esprit Technology -a patent recently filed by EA Technology Limited with PCT application number PCT/GB2012/050702 [9] . Unlike approaches found in the literature, the new control algorithm requires gathering only the status of the EV charging points and the currents at the substation. This makes this approach very practical, and thus, easier to adopt by DNOs. Moreover, a real residential LV network (six feeders and 351 customers) in the North West of England is studied here.
To assess the need of control actions to mitigate congestion issues, this work initially quantifies the impacts of different EV penetration levels on the real LV network. The impacts of uncontrolled and controlled charging of EVs are presented in terms of asset utilization, and the expected charging time. The analyses are carried out using Monte Carlo simulations in order to consider the uncertainties related to household demand as well as EV demand and location. The corresponding time-series demand profiles consider 1-minute resolution data for a typical weekday during winter time in the UK (worst case scenario, i.e., maximum demand). Three-phase power flow studies are adopted to cater for the voltage unbalance due to single-phase connections.
The paper is organized as follows. Section II describes the real LV network, as well as the creation of the domestic and EV load profiles. Section III then assesses the impacts of uncontrolled charging for different EV penetration levels. Section IV introduces the proposed control algorithm, and its effectiveness in managing the charging points to avoid asset congestion is demonstrated in Section V. Section VI discusses the main results, and Section VII finally presents the conclusions drawn from this study.
II. INPUT DATA
This section describes the input data used in this work: the residential LV network, the domestic and EV load profiles. A. LV Network A real residential LV network from the North West of England is used here. The topology, power transformer, and type of conductor are fully modeled using OpenDSS [10] . This LV network is shown in Fig. 1 . It consists of six feeders, a distribution transformer (black triangle), and 351 customers (modeled as domestic unrestricted). The busbar voltage of the transformer is considered to be 415V (line-to-line) as per UK practice. Table I shows the length of the feeders and corresponding number of customers.
B. Domestic Load Profiles
The domestic load profiles used in this work correspond to a typical weekday during winter time (e.g., January), i.e., maximum demand in the UK. This period is selected to analyze the uncontrolled and controlled charging of EVs for the worst case scenario [11] . The time-series behavior of the domestic loads are created using the CREST tool [12] . This tool is used to generate a pool of profiles that are randomly allocated at customer nodes to model their demand at each Monte Carlo simulation. These profiles follow the percentage allocation of residents per household shown in Table II which are based on UK National Statistics [13] . 
C. EV Load Profiles
The time-series behavior of the EVs are obtained using the stochastic data reported by an Irish trial [14] (start charging time and energy demanded during a connection). The probabilities of the start charging times are shifted three hours earlier to create a higher coincidence with the peak demand in the UK (~7pm) [11] . This will further stress the LV network during peak hours; and hence, the benefits of the controller will be more evident. The EV battery charging process is assumed to be continuous, i.e., once it starts, it will stop until the battery stops withdrawing power (e.g., user disconnects the vehicle or battery is fully charged). Additionally, it is assumed that EVs are connected only once per day, and their actual state of charge is unknown. The EVs considered in this work are similar to the commercially available Nissan Leaf, i.e., the battery capacity is 24kWh. Only the slow charging mode is considered, i.e., a constant charging rate of 3 kW is used. The EVs load profiles are randomly allocated at customer nodes (according to the penetration level) in the Monte Carlo simulations. It is assumed that there is a maximum of one EV per household despite the number of residents.
III. EV IMPACTS ON THE LV NETWORK
This section quantifies the technical impacts of the uncontrolled charging of EVs on the residential LV network depicted in Fig. 1 . The EV penetration levels are increased from 0% (base case) until 100% in steps of 10%. The analysis for each penetration level is based on a Monte Carlo approach with 15 simulations [15] . For each one, a time-series three-phase power flow is solved using OpenDSS [10] .
It is worth mentioning that LV networks in the UK are operated with a voltage range of +10%/-6% of nominal (400V) [16] . In addition, the capacity of the transformer and cables in this LV network is 500 kVA and 310 A, respectively. Fig. 2 shows a distribution of the transformer load for each penetration level where the red lines are the averages of the corresponding simulations. For this particular network, it can be noticed that transformer congestion might occur for penetration levels larger than 40%. Therefore, for simplicity, only 60% and 100% are examined in detail below. 3 shows the maximum (Max), average (Avg) and minimum (Min) transformer load curves during a typical weekday in January for a 60% penetration. It can be seen that transformer congestions occur from 6pm until 10pm, with a maximum peak of 600 kVA at 8pm. Although this can be considered within a 20% cyclic rating of the transformer, it significantly affects the ageing of the asset [17] . However, if the penetration level increases to 100%, transformer congestions might occur from 4pm until 11pm (see Fig. 4 ), dangerously exceeding its rating capacity at 8pm by 60% (800 kVA). Fig. 5 (100% penetration) shows the current at the head of Feeder 4 (the feeder with the most customers). As it can be noticed, Feeder 4 presents congestion problems (also found in Feeders 5 and 6). Finally, it is important to mention that for all the Monte Carlos simulations undertaken in this studied, this particular LV network does not present significant voltages problems for any penetration level. The impact assessment carried out above highlights the need to undertake control actions to avoid technical problems presented in this and similar residential LV networks with high EV penetrations. In addition, for this particular network, it is clear that thermal issues are the most concerning ones.
IV. PROPOSED CONTROL ALGORITHM
This section introduces the proposed centralized control algorithm to overcome the congestion problems found in the real LV network previously described. The conceptual approach is based on the Esprit Technology which has been presented in a patent recently filed by EA Technology Limited with PCT application number PCT/GB2012/050702 [9] . The control philosophy for this work has been developed internally and similarities with Esprit are unintentional.
A. Control Algorithm
The logic of the control algorithm, which is based on a Pcontroller whose gain is set to be 0.5 to avoid excessive power changes in the network, is described below. At every control cycle of 1 min, the power transfer at the transformer (S T ), currents at the head of the feeders (I L ), and the status of each EV charging point are collected and processed by the centralized control algorithm which in turns commands the new status of the charging points.
In practice, sensors and actuators at the charging points, sensors at the substation, communication infrastructure (e.g., mobile network), and a PLC-like device (at the substation) to host the control algorithm would only be needed to implement the proposed approach. No direct information (e.g., the state of charge) from the EVs is required.
1) State of EV Charging Points
The state of each EV charging point at each control cycle is labeled in the control algorithm as shown in Table III . The control algorithm contains a counter of the charge received by each EV during the operation. The charge received by each EV is used to identify the EVs to be disconnected and connected, as further detailed below. The counter is reset at 7:00am, as it is assumed that most of the users will start using their EV at this time [18] . 
2) Congestion Assessment
A critical feature of the control algorithm is to identify when the transformer and/or the head of the feeders are congested. EVs labeled 1 (see Table III ) are disconnected only when these asset congestions are detected.
a) Disconnection of EVs
When asset congestions are identified in the LV network, the control algorithm disconnects EVs, i.e., it controls the charging points, following a hierarchical approach.
It initially checks the phases at the head of the feeders (for this network, 18 in total) for cable congestions. If the current in a phase exceeds its capacity (310 A), a number "X" of EVs, defined by the P-controller, is disconnected from that phase. The identification of the most suitable EVs to be disconnected is detailed later in Section IV-A-3.
If transformer congestion is detected in the same control cycle, the number "Y" of EVs that needs to be disconnected in the entire LV network is defined to reduce the transformer load. If enough EVs are to be disconnected due to cable congestions, i.e., if Table III) . It then reconnects a number "Z" of EVs to continue their charging process. The identification of the EVs to be reconnected is detailed in Section IV-A-3. To prevent potential cable congestions, the control algorithm avoids reconnecting EVs on phases that are over 90% of their capacity.
3) Disconnection and Connection Strategy
Disconnection: When cable congestions are detected, all the EVs labeled 1 and connected at the congested phase are identified. The "X" EVs that have received the most charge (whose counter is large) are disconnected to reduce congestions. The same procedure is followed at the transformer level to prevent transformer congestions. The control algorithm checks the charge received by all the EVs in the LV network, and disconnects those with the most charge received.
Connection: When the transformer load is below its capacity by 3%, the control algorithm checks for EVs that are labeled 2. It then calculates using the P-Controller the number "Z" of EVs that can be reconnected. The "Z" EVs that have received the least charge of all the EVs that are currently labeled 2 are reconnected first in each control cycle. However, if the current in a cable is above 90% of its capacity, no EV is reconnected on that phase to avoid possible cable congestions.
V. APPLICATION OF THE CONTROL ALGORITHM
This section presents the application of the control algorithm described in Section IV. Similar to the impact assessment, a Monte Carlo approach with 15 simulations is carried out. At each simulation, domestic and EV load profiles are randomly allocated at customer nodes. For consistency, penetration levels of 60% and 100% are examined to demonstrate the performance of the control algorithm. Fig. 6 and 7 show the transformer load for a 60% and 100% penetration when the control algorithm is used, respectively. As noticed, the load demand is flattened by the control algorithm and the transformer congestions previously shown in Fig. 3 and 4 are no longer present. As expected, the transformer load remains close to 500 kVA for a longer period for a 100% penetration level than for 60%. Fig. 8 shows the current at the head of Feeder 4. As it can be noticed, the cables are no longer congested. Congestion problems are also solved in all the other feeders of this particular network, even for a penetration level of 100%.
A. Effects on the original charging process
In the uncontrolled charging, EVs are charged as required, i.e., they are not disconnected. Hence, the ratio between the actual time taken to charge an EV and the time required and expected by the user to charge the EV is always one. However, in the controlled charging, this may not always be the case, as some EVs are disconnected to avoid congestions, and they are later reconnected when problems are not presented.
For an EV penetration level of 60%, Fig. 9 shows the probability distribution of the ratio between the actual time taken (controlled charging) and the originally required charge time (uncontrolled charging). It can be seen that EVs are charged within the original time 55% of the cases. Fig. 9 also shows that only 6% of the cases EVs will require twice the time that the user would have otherwise needed (uncontrolled charging). Due to the nature of the control algorithm, which disconnects EVs that have received the most charge, EVs that require the lesser charge are usually charged at near the expected time. For instance, an EV that requires 1 hour of charge is likely to be charged in 1 hour, but one EV that requires 5 hours might be charged in 10 hours. Finally, EVs that are connected when no congestion problems occur will be charged as originally required.
The original charging times are increased as the penetration level increases, i.e., the more EVs, the longer it may take to charge all of them as the users expected. Fig. 9 also shows that for a 100% of penetration, only in 33% of the cases EVs will be charged within the originally required charge time, 9% of the cases will require twice the time, and 4% triple the time. This is an unavoidable consequence of managing congestion with very high EV penetrations. 
VI. DISCUSSION
The proposed control algorithm is capable of preventing congestions in the LV network shown in Fig. 1 . However, further improvements might be needed when implementing this control strategy in other LV residential networks, as voltage drops may become an important issue. Indeed, a much higher number of Monte Carlo simulations (e.g., 100) may highlight the necessity to adapt the control algorithm to cope with voltage problems at the customer nodes.
As depicted in Fig. 9 and 10, the control algorithm may cause some EVs to take twice the time to charge compared to the uncontrolled case. This may considerably delay the charging of EVs that required long charging times. Further research is needed to improve these charging times whilst limiting the amount of information required. This paper has presented simulation results for a typical weekday during winter time in the UK. Simulation results for the entire year are extensively analyzed in [19] .
VII. CONCLUSIONS
This paper proposes an implementable, centralized control algorithm that manages EV charging points to avoid congestion in a real UK LV network. The impacts of uncontrolled and controlled charging of EVs are carried out using Monte Carlo simulations in order to consider the uncertainties related to household demand as well as EV demand and location. Time-series simulations are adopted considering 1-minute resolution data for a typical weekday during winter time in the UK (worst case scenario, i.e., maximum demand).
In the uncontrolled charging, asset congestion (transformer and cables) as well as voltage drops in highly loaded feeders, are likely to occur, in this particular LV network, for EV penetration levels larger than 40%. Transformer congestions can take place for periods longer than 4 hours when the penetration level is larger than 60%. Peaks overreaching the transformer capacity by 60% can occur for a penetration of 100%.
The control algorithm that is proposed in this work can successfully prevent asset congestions by disconnecting EVs when the transformer and cables exceed their capacity. However, it results in longer charging times of EVs. This is an unavoidable consequence of managing congestion with very high EV penetrations. The larger the penetration level, the longer it takes for the control algorithm to charge the EVs. Indeed, for a penetration level of 60%, only 55% of the cases EVs will be charged within the originally required charge time (uncontrolled), and only a 6% may present delays of twice the original time. Finally, for a 100% penetration, the control algorithm operates from 5pm until 1am (next day), and 99% of the disconnections performed by the control algorithm are due to transformer congestions, which indicates that measurements at the transformer level are vital for the adequate operation of the proposed control algorithm.
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